Under carbon limitation the efficiency of aerobic energy conservation of Agrobacterium radiobacter was independent of the carbon source. Under nitrogen limitation the chemical composition of the exopolysaccharide produced was independent of carbon source ; however, the rate of production was highest on glucose and decreased on other substrates in the order glucose, succinate, gluconate, xylose, sorbitol, glycerol and ethanol. When the observed yields of exopolysaccharide from glucose, gluconate and xylose were corrected for cell production they came very close to the theoretical values; however, the yields of exopolysaccharide decreased sharply when the carbon source was either more reduced or oxidized than glucose. Although the rate of exopolysaccharide production on glucose was greater than that on gluconate or xylose, the rate of ATP utilization for polymer synthesis was similar and accounted for most of the respiratory activity occurring in excess of that required for cell biosynthesis. The proportion of respiratory activity that is dissociated from polymer synthesis increased sharply with carbon sources that are significantly more reduced or oxidized than glucose. A mutant of A . radiobacter that was unable to synthesize exopolysaccharide had the same efficiency of growth as the parent strain. Under nitrogen-limited growth the respiratory activity in excess of growth requirements was similar to the polymer-producing strain, supporting the view that the rate of ATP turnover was similar in both strains. This suggests that the rate of ATP turnover rather than exopolysaccharide synthesis is physiologically important. It is proposed that the rate of ATP turnover in excess of that required for growth under nitrogen limitation (N-limited qo2 -Climited qo2 x ATP/O quotient) is controlled to a level that is governed by the oxidation/reduction state and the Y,,, of the given substrate.
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I N T R O D U C T I O N
Micro-organisms produce a wide range of extracellular polysaccharides. These macromolecules are usually produced when growth is limited or prevented by the availabiity of some nutrient other than the carbon source which is present in excess. However, some exopolysaccharides such as xanthan and alginate are produced during carbon limitation in continuous culture (Evans eta!., 1979; Deavin et nl., 1977) . The chemical composition of a large number of extracellular polysaccharides has been elucidated (Eveleigh, 1973) and in some cases their rates of production determined (Kang & Cottrell, 1979; Sutherland, 1982) . However, there is very little information concerning the factors that control the composition and the rate of synthesis of these polymers in different micro-organisms. Consequently, the scope for improving either the rate of extracellular polysaccharide production or bringing about alterations in the chemical composition/structure by genetical or physiological means is difficult to assess.
In Agrobacterium radiobacter NCIB 1 1883 the composition of the extracellular polysaccharide (succinoglucan) appears to be related to the energetic efficiency extant in this organism (accompanying paper : Linton et al., 1987) . This is, because of the number of sites of energy conservation present in this organism up to 60% of the energetic demand for polymer synthesis may be supplied during the production of the acid moieties that form part of the polymer molecule. However, although the net demand of ATP for polymer production is therefore reduced, the actual rate of ATP turnover is very high and is equivalent to between 60 and 90% of that required for cell biosynthesis under these conditions. In energetic terms, polysaccharide production is a major event (Jarman & Pace, 1984; Linton et al., 1986) but as yet its physiological role remains obscure. Kinetic studies with A . radiobacter indicate that very little energy is dissipated under conditions of carbon excess and most of the ATP produced over and above that required for cell synthesis is used for polysaccharide production (Linton et al., 1987) . Thus, the rate of polysaccharide production is either a consequence of an over-production of ATP or directly imposes the rate of ATP turnover over and above that required for cellular biosynthesis.
In order to explore this relationship between the extent of ATP turnover and exopolysaccharide synthesis, exopolysaccharide production from different carbon sources (glucose, gluconate, sorbitol, xylose, glycerol and ethanol) was examined. Depending on the carbon source, the production of a polymer of a given composition will result in large differences in the requirements for ATP and reductant and therefore lead to vastly different rates of ATP turnover. If the rate of ATP turnover imposes the rate of exopolysaccharide production then there should be a correlation between the extent of exopolysaccharide production and the expected rate of ATP turnover associated with its production. Growth conditions. Continuous culture studies were done in a Biotec fermenter with a working volume of approximately 3.0 1 as described by Linton et al. (1986) . The temperature was maintained at 30 "C and the pH controlled at 7.0.
Analyses. Oxygen uptake and C 0 2 output from the fermenter were measured continuously using a paramagnetic oxygen analyser (Type OA 184, Servomex Controls Ltd, Crowborough, Sussex, UK) and an infrared analyser (MSA Instruments Division, Glasgow, UK) respectively.
Protein. The protein content of the bacteria was obtained by multiplying the cellular nitrogen content by 6.25 as described by Linton et al. (1986) .
Carbon and ammonia. Carbon and ammonia concentrations in total cultures and supernatants were determined using a total organic carbon analyser (Tocamaster, Beckman USA) and a Technicon Autoanalyser I1 (Technicon industrial method no. 108-TOW) respectively. Dry weight of bacteria and polysaccharide. Cellular and polymer dry weights were determined by centrifugation (20000 r.p.m. for 30 min) of suitably diluted samples obtained directly from the fermenter. The pellet was washed, recentrifuged and then dried to constant weight in a vacuum oven. The polymer content of the supernatant was determined by adding to the culture supernatant 4 vols propan-2-01. The precipitated polysaccharide was recovered using a glass rod and then dried to constant weight.
The rate of exopolysaccharide production (qp) has been shown to decay with time. After approximately 20 residence times at a fixed dilution rate in nitrogen-limited culture on glucose the qp decreased from approximately 0.24 to 0.08 g g-l h-l. Consequently, in the experiments reported here the qp on each carbon source was measured by starting a fresh chemostat experiment.
Chemical characterization of the extracellular polysaccharide. The sugar and acid composition of the extracellular polysaccharide was determined using HPLC methods as described by Linton et al. (1986) .
Analysisfor metabolicproducts. Culture supernatants were examined for the presence of sugars and organic acids by HPLC as described above. Culture supernatant samples were also subjected to FAB mass spectroscopic analysis as described by Linton et al. (1986 Control o j succinoglucan production 298 I
R E S U L T S A N D DISCUSSION
Carbon-limited growth on various carbon sources The energetic requirements of exopolysaccharide production from various carbon sources can only be calculated if the ATP/O quotient extant during growth on these substrates is known. The molar growth yields measured during carbon-limited growth on various carbon sources in continuous culture are given in Table 1 . From the measured molar growth yields from oxygen on various carbon sources the observed ATP/O quotient was estimated on the basis of Y,,, values previously published by Farmer & Jones (1976) ( Table 1 ). The ATP/O quotierits calculated aye not absolute values but they demonstrate that the ATP/O quotient is indeed independent of carbon source. It is therefore reasonable to assume a constant ATP/O quotient when calculating the energetic consequences of exopolysaccharide production from different carbon sources. The quotients given are consistent with those calculated from the YE;" for this organism (Linton et al., 1987) .
Polymer production on various carbon sources Polymer production from glucose by A . radiobacter occurs optimally under nitrogen limitation at growth rates between 10 and 30% of the maximum specific growth rate (Lipton et al., 1987) .
Thus, the rate of extracellular polysaccharide production (qp) at D = 0.047 h-* was 0.24 g g-l h-l and that at D = 0-13 h-' was 0.20 g g-l h-l, respectively. Although the pmax of A .
radiobacter varied on different carbon sources, steady states were established at dilution rates close to 0.045 h-' but in all cases the growth rate fell within 10-30% of pmax (Table 1) .
The metabolic fate of the various carbon sources during nitrogen-limited growth of A . radiobacter is given in Table 2 . Extracellular polysaccharide was the only product excreted during nitrogen-limited growth on the various substrates examined and accounted for > 90% of the culture supernatant carbon ( Table 2 ). The protein content of cells grown under nitrogen limitation was low (Table 2) ; this was due to the accumulation of intracellular polyglucose storage material (Linton et al., 1987) .
Chemical composition oj-exopolysaccharide produced on uariozrs carbon sources
The chemical composition of extracellular polysaccharide produced in continuous culture was independent of the carbon source used for its production. An average composition of 7 glucose : 1 galactose : 1 succinate : 1 pyruvate with traces of acetate was routinely found.
Efect oj carbon source on the rate of exopolysaccharide production (qp) During nitrogen-limited growth the rate of exopolysaccharide production was highest with glucose as the carbon source and decreased on the various carbon sources in the following order : glucose, succinate, gluconate, xylose, sorbitol, glycerol and ethanol (Table 2) . Thus, the qp observed on ethanol was two orders of magnitude lower than that on glucose (Table 2) . During exopolysaccharide production on glucose, gluconate and xylose the respiration rate (qo,) is similar. As the ATP/O quotient has been shown to be independent of carbon source ft is reasonable to conclude that the rate of ATP turnover is also similar on these carbon sources. However, there is a marked increase in respiratory activity during growth on carbon sources either more reduced or oxidized than glucose ( Table 2) .
Stoichiometry of growth and exopolysaccharide production
Mass balances were constructed for the growth of A . radiobacter under nitrogen-limited growth on various carbon sources (Table 3) . These balances were derived from experimentally determined values of substrate and oxygen consumption and exopolysaccharide, intracellular polyglucose, bacterial biomass and C 0 2 production. The cellular composition of C, H and N was determined experimentally. These mass balance equations allow the requirements for cell synthesis to be calculated so that the yield of exopolysaccharide can be corrected for cell production. When the requirements for O2 and carbon source for cell production have been taken into account using the Ysubstrate and Yo? of corresponding carbon-limited cultures (Table l) , the yield values of exopolysaccharide from glucose, gluconate and xylose are very close to the theoretical values calculated on the assumption that the observed ATP/O quotient is unchanged at approximately 1.10 under nitrogen-limited growth (Table 3 ). However on carbon sources that are either more oxidized (succinate) or reduced (sorbitol, glycerol and ethanol) than glucose the yield values from oxygen (in the absence of a change in ATP/O quotient) are considerably lower than the theoretical and a greater proportion of the substrate is combusted to COz ( Table 3) . The theoretical stoichiometry of exopolysaccharide production from various carbon sources (Table 4) indicates that alteration of the reduction state of the carbon source leads to either a shortfall or an over-production of ATP in terms of that required for exopolysaccharide synthesis (Table 4 ). There appears to be a correlation between the rate of exopolysaccharide production and the net ATP balance of synthesis from various substrates (Fig. 1) . For the purpose of these calculations the observed ATP/O quotient of 1.1 was used. Although actual values ( altered if an ATPjO quotient of 1-5 is used [derived from the YZ,"" of Linton et al. (1987) ], the shape of the curve in Fig. 1 remains unaltered. Assuming an ATP/O quotient of 1.1, these rates of ATP utilization for exopolysaccharide production from glucose, gluconate and xylose account for >80:4 of the respiratory activity occurring over and above that required for cell biosynthesis. The latter was estimated by subtracting the carbon-limited qo2 from the nitrogenlimited qo, value (normalized to D = 0.045 h-*) and assuming an ATP/O quotient of 1.1. The proportion of respiratory activity that is dissociated from polymer synthesis increases sharply with carbon source with heats of combustion (reduction/oxidation) significantly higher or lower than that of glucose. This probably occurs because polysaccharide production from substrates more reduced than glucose leads to the generation of considerably more ATP than can be turned over by polymer synthesis (Table 4) . In these cases some other means of ATP turnover must be operational.
To determine whether polymer production is a consequence of ATP production or whether it causes this rate of ATP production, a mutant unable to synthesize succinoglucan from glucose was produced by transposon mutagenesis (Tn5). The pmax of the mutant was very similar to that of the parent strain. In glucose-and succinate-limited chemostat culture the molar growth yields from glucose, succinate and oxygen of the polysaccharide-negative mutant SGN-1 were similar to that of the wild-type (Table 5 ). Under nitrogen limitation on glucose no succinoglucan was produced and the rate of substrate consumption was only marginally higher than that of carbon-limited cultures, which indicates a much tighter control of substrate uptake than that present in the polymer-producing parent strain.
However, the respiration rate of the mutant under nitrogen limitation was similar to that of the wild-type (Table 5) . Subtraction of the carbon-limited qo, from the nitrogen-limited qo, of the mutant revealed that the potential rate of ATP turnover occurring over and above chat required for growth was virtually identical to that occurring in the polymer-producing strain grown under nitrogen limitation. In the mutant an equivalent ATP turnover rate is achieved by some other means suggesting that ATP turnover at a particular rate is more important than the means by which it is achieved. The mutant was extremely stable: no revertants were detected after 50 residence times had elapsed in continuous culture under carbon-and nitrogen-limited growth.
There was no difference in the respiration rate of oxygen-limited and carbon-limited cultures growing at the same growth rate (Table 6 ). This suggests that under conditions where growth is energy-limited, cellular biosynthesis has priority over exopolysaccharide synthesis and consequently the efficiency of growth under carbon and oxygen limitation is the same (Table 6) over' ATP would be expected to have a negative effect on its production. For example, potassium-limited growth is known to result in high respiratory activity as a consequence of the energy requirements for K+ uptake and continued reconcentration against a large concentration gradient (Aiking & Tempest, 1976; Stouthamer & Bettenhaussen, 1980) . Thus potassium limitation would be expected to reduce the rate of exopolysaccharide production and this is indeed what was observed when A . radiobacter was grown under these conditions ( Table 6) . If polymer production functions as a means of ATP turnover then the ATP/O quotient, the state of reduction of the carbon source and the composition of the polysaccharide will determine the extent to which this mode of ATP turnover is employed in a given microbe. It has been shown that if a single carbon source, e.g. methanol can be metabolized by more than one pathway and these pathways differ energetically then exopolysaccharide production is likely to occur at a significant rate only if its production is balanced in terms of ATP and reductant requirements. It is significant that only one pathway satisfies these requirements and it is in organisms possessing this pathway that significant rates of exopolymer production occur (Linton et al., 1986) . In all the other pathways over-metabolism of methanol does occur but ATP turnover is achieved by some other mechanism. The results reported here strongly indicated that
